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A robust plasma gating to generate a single ultra-intense attosecond pulse is developed. It is a
manifestation of the hole-boring effect that limits the strongest attosecond pulse emission within
one laser cycle. The generated pulse is characterized by a stabilized harmonic phase ψ ≈ ±pi/2 and
a slowly decaying exponential spectrum bounded by γ-spike scaling and CSE scaling. The phase
oscillations in low-frequency region and fluctuations in high-frequency region are discussed. We also
show that the phase fluctuations in high-frequency region can be reduced by including radiation
reaction force.
The field of attosecond (AS) metrology is an emerging
area of research spanning a range of applications from
atomic physics to biological sciences [1]. An AS pulse
can be regarded as a hyperfast camera that can freeze the
motion of electrons, thus making it an invaluable tool to
study many fundamental physical processes in real-time
(AS spectroscopy) [2]. Due to the difficulties involved
in generating an ultra-intense single AS pulse, the appli-
cation of the pumb-probe AS spectroscopy is currently
limited [2]. Hence the generation of an ultra-intense AS
pulse with stable carrier-envelope phase (CEP) can open
the hitherto unexplored regime of nonlinear AS spec-
troscopy [3], extending the AS metrology to high-energy
quantum electrodynamical processes [4].
To generate an AS pulse, one has to significantly
broaden, via nonlinear processes, the frequency spectrum
of a femtosecond laser pulse. This frequency broaden-
ing is termed as high-order harmonic generation (HHG)
and can be accomplished via the interaction of a strong
laser pulse with either gaseous or solid targets. The un-
derlying physical mechanisms for both cases have been
extensively studied. Though the generation of a single
AS pulse has been experimentally demonstrated via the
interaction of a laser with a gas jet target, the efficiency
saturates at relativistic laser intensities [5]. On the other
hand, HHG from the solid target scales favorably at rel-
ativistic intensities and has been studied both theoreti-
cally and experimentally, e.g. relativistically oscillating
mirror (ROM), coherent wake emission (CWE), coher-
ent synchrotron emission (CSE) and relativistic electron
spring (RES) [6–19]. The solid HHG usually results (after
filtering a range of frequency components) in a train of
AS pulses [20]. To generate an isolated AS pulse, several
techniques, e.g. polarization and intensity gatings [20],
attosecond lighthouse effect [21] and focusing of the har-
monic from λ3 (λ is the wavelength of the laser pulse)
focal-spot size volume [22] have been implemented. How-
ever, the implementation of these techniques to ultra-
relativistic laser intensities, a0 = eEl/mecωl ≫ 1, may
not be practical due to severe constraints on laser pulse
and target parameters e.g. stable CEP, few cycle laser
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pulses, extremely thin (l ≪ λl) targets etc, where e
and me denote the electron charge and rest mass, El
and ωl are the laser electric field and frequency, c is
the light speed in vacuum. Moreover, additional phys-
ical processes−which had not been properly addressed in
previous literatures−such as hole-boring (HB) and radi-
ation reaction (RR) effects [23] also become important in
the ultra-relativistic laser-solid interaction. Recently, we
showed that HB effect can broaden the harmonic peaks
leading to significant overlap between harmonics in the
frequency domain [24]. This harmonic overlap is the pre-
requisite for the generation of a single AS pulse. We also
showed that radiation reaction force affects the intensity
of the harmonics [24].
In this Letter, we develop a new mechanism for the
generation of an isolated super-intense AS pulse. We
show that the HB effect can effectively limit the strongest
pulse emission within one laser cycle, making it possible
to isolate an AS pulse. We term this HB induced pulse
isolation as a “Plasma Gate ”. This mechanism is in-
deed dominant in the ultra-relativistic regime and works
for long laser pulses. The harmonics constituting the
generated pulse are phase-locked to ψ ≈ ±pi/2 due to
the dynamics of the plasma surface electron layer. For
generality, we consider a fully ionized plasma with a pre-
plasma, ne = nc/2 exp (x/L), where nc = ω
2
Lme/4pie
2 is
the plasma critical density. The incidence of a linearly
polarized laser pulse onto a solid target is simulated in 1D
geometry with the EPOCH-PIC code [25]. RR force is
included by employing Landau-Lifshitz prescription [23].
Plasma collisions are included in all cases. From now on-
wards, we use the dimensionless quantities: ne = ne/nc,
t = ωlt, x = klx, β = v/c, ω = ω/ωl, E = eE/(mecωl).
In Fig.1, we show the obtained AS pulses by filtering
out low order harmonics (ω < ωf ) in the reflected wave
from an ultra-dense plasma irradiated by a long dura-
tion laser pulse. One can clearly see the action of the
plasma gate for pulse isolation as only three pulses are
seen. Even though the laser is still on, no strong AS
pulses can be emitted after the 3rd pulse in Fig.1 (a).
Here the 1st pulse arises due to the reflection of the laser
ramp from the pre-plasma present at the target surface.
The 2nd pulse with intensity I2 ≈ 9.2 × 10
21W/cm
2
is
emitted in the first period of the peak laser interacting
with the bulk of the plasma target. During this period, a
29 10 11 12 13
0
2
4
6
8
10
(a)
9 10 11 12 13
0
1
2
3
4
5
(b)
-90 -60 -30 0 30 60 90
-40
-20
0
20
40
(c)
-40 -20 0 20 40
0
0.2
0.4
0.6
0.8
1
(d)
FIG. 1. (color online) Attosecond pulses obtained by applying
different filter frequency ωf : (a) ωf = 40ωl, (b) ωf = 60ωl.
The upper frequency of the filter is 2000ωl. (c) Electric field
Ey and (d) normalized intensity of the 2nd pulse compared
with the analytical expressions. We label the pulse center at
time t = 0 and zoom in the time axis in unit of as. The
laser, a(t) = a0(tanh((t − Ts)/W ) − tanh((t − Te)/W ))/2,
radiates the plasma (ne = 500nc, L = λl/8) with incident
angle θ = pi/4, where a0 = 100, W = Tl = λl/c, Ts = 6Tl,
Te = 14Tl, λl = 0.8µm. The reflected laser profile (black
dashed line) is shown in (a) with a.u.. The field detector is
located at 3λl from the plasma surface.
large part of the laser energy is first stored in the plasma
electrostatic field due to the compression of the electrons
into an ultra-dense nanometer layer. The stored energy
is then released by backward accelerating the electron
layer to emit an ultra-intense AS pulse. This energy con-
version process is described by the RES model [12] and
can emit a pulse with intensity stronger than the pulses
reported so far [13]. The 3rd pulse generated in the next
period is emitted with much weaker intensity than the
2nd pulse. From this period, the HB effect becomes im-
portant, and the plasma gating starts to speed up the
pulse spectrum decay and degrade the spectral phase co-
herence. One can see in Fig.2 (a), the 2nd pulse has a
slower intensity decay than the 1st and 3rd pulses, imply-
ing higher efficiency for high frequency emission. In Fig.2
(b), the high-frequency components in the 1st and 3rd
pulses display larger phase fluctuation than that in the
2nd pulse, which could further reduce the pulse intensity
and extend the duration. In the following laser periods,
the generated pulses would have much faster spectral de-
cay and more fluctuated spectral phase. Thus, we can
isolate the 2nd pulse with a suitable frequency filter and
enhance the isolation with a larger filtering frequency ωf ,
e.g. I2/I3 = 6.10 for ωf = 40 in (a), I2/I3 = 31.13 for
ωf = 60 in (b). In fact, this is in line with our previous
results, the cut-off-frequency in (b) corresponds to Eq.(2)
of [24] for the parameters considered here.
To complement the simulation results, we also give
the analytical calculations to depict the properties of the
emitted pulse. We assume that the generated pulse is
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FIG. 2. (color online) Intensity spectra (a) and spectral phase
(b) for the pulses in Fig.1. The spectral fittings of the 2nd
pulse (log
10
(I) = 0.1 − 0.0145ω, blue dashed line) and 3nd
pulse (log
10
(I) = 1.9 − 0.052ω, red dashed line) are shown
with the power-law spectral scalings (I = 104.6ω−8/3, black
solid, I = 10−2.7ω−4/3, black dashed) fitting the different
regions in the spectra.
mainly radiated by the surface electron layer [12], and at
the emission instant (t′, x′(t′)), the layer transverse mo-
mentum py = γβy(t
′) passes through the zero node [13],
and its backward velocity βx(t
′) ≈ −1 approaches the
speed of light. The surface layer with nanometer thick-
ness ∆x [26] can be approximated to nelδ(x
′−x′(t′)) for
the coherent emission if wavelength λω ≫ ∆x. Substitut-
ing these in Ery(x, t) = −
∫
∞
x
Jy(x
′
, t
′
)dx
′
/2, one can get
Ery(t) = −Eˆ
i
y2Amωdt/(1 + (ωdt)
2), where Eˆiy is the sign
of the laser electric field Eiy(x
′, t′), ωd = |
dpy
dt′ |/(1+βx) ≈
2γ2|
dpy
dt′ |, Am = nelγ(1− βx)/4 ≈ nelγ/2, nel(t
′) is areal
density of the electron layer. The retardation relation
t′ + x′(t′) = t + x is used and the field detector at x is
far enough from the plasma surface. For convenience, we
label the pulse center at t = 0. On filtering out the low
frequency components (ω < ωf ), we obtain an AS pulse:
Ery(ωf , t) =
−2Am√
1 + (ωdt)2
e
−
ωf
ωd cos(ωf t+ ϕ(t))Eˆiy (1)
with the phase chirp ϕ(t): cos(ϕ) = ωdt/
√
1 + (ωdt)2,
sin(ϕ) = −1/
√
1 + (ωdt)2. This formula is applicable
for oblique incidence by treating in a Lorentz boosted
frame [27] with Am ≈ nelγ cos
−2(θ)/2. The pulse du-
ration Td = 2/ωd is extremely shortened with the rela-
tivistic backward velocity and larger transverse accelera-
tion. The pulse is characterized by an exponential spec-
trum [12], I(ω) = |Ery(ω)|
2 = A2m/ω
2
d exp (−2ω/ωd). In
Fig.2 (a), we confirm this exponential spectrum with the
linear-logarithm fitting, log10(I(ω)) = log10(A
2
m/ω
2
d) −
log10(e
2)ω/ωd, and find that the exponential region is
bounded by the γ-spike scaling I(ω) ∝ ω−8/3 [9] in low-
frequency region and CSE scaling I(ω) ∝ ω−4/3 [10] in
high-frequency region. The fitting slope of the 2nd pulse
spectrum reveals the spectral decay 1/ωd = 0.017 and
precisely gives the pulse duration Td = 14.2as which is
much shorter than the duration of the 3rd pulse (1/ωd =
30.060, Td = 50.8as). With Eq.(1) and Am ≈ 57 ob-
tained from the simulation, the 2nd pulse is reproduced
in Fig.1(c), (d) for filtering frequency ωf = 60ωl. An-
other salient feature of the pulse is the constant spectral
phase, ψ0(ω) = −pi/2 (or pi/2 if E
i
y changes sign). This
particular locked phase is the consequence of the trans-
verse current changing its sign at the node where the
transverse momentum becomes zero. This also results
in a minimum at the center of the pulse, contrary to a
synchrotron-like pulse [13]. We stress that the locked
phase does not depend on the CEP of the long laser
pulse, but on the dynamics of the well-defined electron
layer during the emission. In Fig.2(b) we quantitatively
confirm the constant spectral phase in Ey, ψ(ω) ≈ −pi/2
and in Bz, ψ(ω) ≈ pi/2 as propagating in −x direction
(not shown). The phase mismatch in lower and higher
frequency regions may come respectively from the inter-
ference with the emissions from ROM/CWE and CSE.
We also note that in Fig.2 the constant phase deviates
slightly from ψ0(ω). This deviation ψAm ∼ A
′
m/(Amωd),
resulting from the variation of Am(t
′) during the pulse
emission, causes the asymmetry of the emitted pulse in
Fig.1 (d), where A′m =
dAm(t
′)
dt′ /(1 + βx(t
′)) is the tem-
poral derivative of Am. In the high frequency region,
the phase fluctuation occurs. This phase fluctuation,
ψf (ω) ∼ 2pi∆x/λω, originates from the finite extension
of the surface layer and may reflect the incoherence of the
high frequency emission from different part of the layer if
λω . ∆x. We verify this by calculating the layer thick-
ness ∆x in the simulations and observing the threshold of
the phase fluctuation ωthf ≈ 2pic/∆x, e.g. ∆x ≈ 0.002λl,
ωthf ≈ 400ωl for the 2nd pulse in Fig.2(b).
With these simulation results and analytical calcula-
tions, we can obtain a comprehensive understanding of
the plasma gating. As discussed, the pulse amplitude Am
and spectral decay 1/ωd depend sensitively on γ which
is determined by the backward acceleration of the elec-
tron layer due to the charge separation field. In HB evo-
lution, the charge separation is mitigated because the
Doppler effect decreases the laser pressure, and part of
the energy in the electrostatic field is absorbed by mo-
bile ions. The layer acceleration thus would be restricted
by the HB effect, leading to a smaller amplitude and
faster decay for the 3rd pulse, for which the HB effect
is more important. Simultaneously, the HB effect in-
evitably spreads the structure of the backward-moving
electron layer and thus reduces the phase fluctuation
threshold ωthf , which shortens the coherent phase interval
and further decreases the amplitude of the 3rd pulse. Es-
sentially, the HB effect isolates the 2nd pulse by suppress-
ing the coherent emission for the 3rd pulse. To demon-
strate the isolating effect of the HB evolution, we com-
pare the pulse spectra and the spectral phase in the cases
with mobile and immobile ions, where almost pure HB
effect is in action. For the mobile-ion case, the decay of
the pulse spectra in Fig.3 (a) becomes faster and faster,
while in Fig.3 (b) for the immobile case, the pulse spec-
tra sustain the same decay. In Fig.3 (c), the more phase
FIG. 3. (color online) Intensity spectra (a) (b) and the cor-
responding spectral phase (c) (d). (a), (c) correspond to the
case with mobile ions and (b), (d) immobile ions. The blue
dashed lines are the spectral fitting for the 1st pulses in both
cases. The laser, a0 = 40 with step-like temporal profile, ra-
diates normally on the plasma (ne = 200nc, L = 0), and the
laser duration is long enough to emit the 5th pulse.
fluctuation is induced in the emitted pulses with HB ef-
fect than that in Fig.3 (d) for immobile case. Another
effect also contributing to the pulse isolation is plasma
heating. It expands the layer and decreases the number
of electrons for coherent emission. In Fig.3 (b), the fol-
lowing pulses have the same spectral decay as the 1st one
but weaker intensity. This is because the pulse emission
process is roughly repeatable since ions are fixed, but the
layer compression becomes less in longer time interaction.
In Fig.3 (c), the threshold of the phase fluctuations is re-
duced by thermal expansion. With oblique incidence and
long plasma gradient in Fig.1, the plasma heating is more
considerable with the re-injection of Brunel electrons [28]
which could effectively disperse the layer structure and
consequently make larger phase fluctuations in the pulse.
For the 1st pulse in Fig.1, the plasma heating is strong in
the interaction of the laser ramp with pre-plasma. Hence,
a well-defined electron layer can’t be formed leading to
weaker intensity in Fig.2 (a) and large phase fluctuations
in Fig.2 (b). All of these effects, e.g. HB effect, plasma
heating, contributes to the plasma gating and isolates the
2nd pulse in Fig.1 with the most efficient high-frequency
emission and the widest coherent phase interval.
The phase fluctuation in high frequency region lim-
its the interval of coherent emission. In order to extend
the constant phase interval to higher frequency, an in-
tenser laser pulse (I ∼ 1023W/cm
2
) with shorter ramp-
ing front is used to compress the electron layer narrower.
As shown in Fig.4 (a), the threshold ωthf of the phase
fluctuation is clearly improved with a stronger laser as
the layer is further compressed, ∆x ∼ (nea0)
−1/3 [12].
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FIG. 4. (color online) Spectral phase (a) and intensity spec-
trum (b) for the cases with and without RR force. Same
parameters in Fig.1 except a0 = 250, W = 0Tl, ne = 1000nc.
FIG. 5. (color online) (a) Temporal shape of the 2nd pulse in
Fig.1 (a) shifted along the retardation relation. (b) Evolution
of the electron density ne at the plasma surface around the
emission of the 2nd pulse overlaid with the retardation paths
of the pulse centers. The evolution of the electron surface
(ne = a0n
′
c) is also shown (black dashed line). (c) Velocity
(βx,βy) of the electron surface. (d) Spectra of the main pulse
(green line) and sub-pulse (red line). (e) Spectral phase of the
main pulse (green line). The spectrum and spectral phase in
Fig.2 of the 2nd pulse in the low frequency region are repeated
in (d) and (e) respectively. λ′l = λl/ cos(θ), T
′
l = Tl/ cos(θ),
n′c = nc cos
2(θ) are defined in the Lorentz boosted frame [27]
Here the 1st pulse becomes the main pulse because no
laser ramp exists. In this ultra-relativistic case, we also
find that in Fig.4 (b), RR force reduces the phase fluc-
tuation in high-frequency region. This may suggest the
role of RR force in further compressing the electron layer.
One can also see in Fig.4 (b) the emitted pulse with RR
force has the same spectral decay as the case without
RR force but smaller spectral fluctuation in the region
ω > 1000ωl. This may be because the collective motion
of the layer can hardly be impeded by RR force as the
laser field can not penetrate into the ultra-dense electron
layer. The spectral fluctuation comes from the superpo-
sition of the incoherent emissions from the layer and RR
force smooths the fluctuation by further compressing the
layer structure. With the same spectral decay and the
smaller phase fluctuation, a stronger AS pulse might be
synthesized. After a long time interaction, the electron
layer will be extremely heated [29] and expanded. RR
force would increase the energy absorption and decrease
the total reflection [24].
In Fig.5, the spectral and phase oscillations in low-
frequency region are clearly presented. The oscillation
is the consequence of the interference between the dou-
ble pulses in one emission process. Fig.5 (a) shows that
the 2nd pulse in Fig.1 (a) consists of a main pulse Emy
and a sub-pulse Esy , i.e. Ey(t) = E
m
y (t) + E
s
y(t − ∆t),
Emy (t) ≫ E
s
y(t), where ∆t ≈ 0.18Tl is the time sepa-
ration. In Fig.5 (b), we plot the contour of the evolu-
tion of the electron density and the retardation paths
of the two pulses. It confirms the assumptions that the
(main) pulse is emitted by the surface nanometer elec-
tron layer at the node where βy ≈ 0 and βx ≈ −1 in
Fig.5 (c). The secondary electron bunch [30] formed be-
hind the first electron layer radiates the sub-pulse with
the much slower backward velocity, thus the efficiency
of the high frequency emission is significantly lower than
that in the main pulse in Fig.5 (d). By artificially exclud-
ing the sub-pulse with the temporal window (blue dashed
line in Fig.5 (a)), one can see that in Fig.5 (d) (e) the
main pulse has no spectral and phase oscillations while
the whole 2nd pulse which is a superimposition of the two
pulses shows the oscillations. To describe the oscillations
analytically, we calculate spectral and phase oscillations
in the whole pulse from the double pulse interference,
|Ey(ω)|e
iψ(ω) = |Emy (ω)|e
iψm(ω) + |Esy(ω)|e
iψs(ω)eiω∆t,
and obtain
I(ω) ≈|Emy (ω)|
2[1 + 2
|Esy(ω)|
|Emy (ω)|
cos(θ)]
ψ(ω) ≈ψm(ω) +
|Esy(ω)|
|Emy (ω)|
sin(θ) (2)
where θ(ω) = ψs(ω) − ψm(ω) + ω∆t, |E
m,s
y (ω)| denotes
the modulus of the different frequency components and
ψm,s is the pulse spectral phase. As we can see, the spec-
trum and phase oscillate qualitatively with the frequency
ωt = 2pi/∆t ≈ 5.56ωl which matches very well with the
simulation results, and the oscillation amplitude attenu-
ates for higher frequency because of the less efficient high
frequency emission from the secondary electron bunch.
In summary, we have shown the existence of a plasma
gating to generate a ultra-intense single AS pulse with
duration Td < 20as. Contrary to other schemes, the
plasma gating is robust and works for general situa-
tions e.g. plasma gradient, oblique incidence, long laser
pulse driver. The harmonics constituting the gener-
ated pulse are phase-locked to ψ(ω) = ±pi/2 + ψAm ,
and can be coherently extended to KeV region. A
promising application of the plasma gating is to coher-
ently focus [31] the AS pulse boosting its intensity to
ICHF = 2(2R0Ω/λl)
2Ilω
2
d, where R0 and Ω are the ra-
dius and solid angle of the surface. With the same
5parameters (R0 = 4λl, Ω = 1) as in [31], Schwinger
limit can be reached with an incident laser of intensity
Il ∼ 3.6× 10
23W/cm
2
which will be available in the ELI
project[32].
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